The minimal signal required for the cleavage and packaging of replicated concatemeric herpes simplex virus type 1 (HSV-1) DNA corresponds to an approximately 200-bp fragment, Uc-DR1-Ub, spanning the junction of the genomic L and S segments. Uc and Ub occupy positions adjacent to the L and S termini and contain motifs (pac2 and pac1, respectively) that are conserved near the ends of other herpesvirus genomes. We have used homologous Red/ET recombination in Escherichia coli to introduce wild-type and specifically mutated Uc-DR1-Ub fragments into an ectopic site of a cloned HSV-1 genome from which the resident packaging signals had been previously deleted. The resulting constructs were transfected into mammalian cells, and their abilities to replicate and become encapsidated, generate Uc-and Ub-containing terminal fragments, and give rise to progeny virus were assessed. In general, the results obtained agree well with previous observations made using amplicons and confirm roles for the pac2 T element in the initiation of DNA packaging and for the GC-rich motifs flanking the pac1 T element in termination. In contrast to a previous report, the sequence of the DR1 element was also crucial for DNA packaging. Following repair of the resident packaging signals in mammalian cells, recombination occurred at high frequency in progeny virus between the repaired sequences and mutated Uc-DR1-Ub inserts. This restored the ability of mutated Uc-DR1-Ub inserts to generate terminal fragments, although these were frequently larger than expected from simple repair of the original lesion.
Herpesviruses possess linear double-stranded DNA genomes that are circularized early after infection and upon replication generate concatemeric structures. During progeny particle assembly, the cleavage of concatemers at specific sites, corresponding to the genomic termini, is tightly coupled to the insertion of the viral DNA into a preformed structure referred to as the procapsid (reviewed in references 2, 4, and 11). In the case of herpes simplex virus type 1 (HSV-1), a terminally redundant region of the genome, known as the a sequence ( Fig. 1a) , contains all the cis-acting sequences required for DNA packaging (24, 27) . This region, which is 250 to 500 bp in length depending on the virus strain, is present as a single copy at the S terminus and as one or more tandem copies at the L terminus. In addition, one or more copies are present in inverted orientation at the junction between the L and S segments (30, 31) .
The structure of the HSV-1 a sequence is depicted in Fig. 1b . Each a sequence is flanked by direct repeats (DR1) of 17 to 20 bp, with single copies of DR1 separating tandem a sequences. Genomic termini are generated by a cleavage event toward one end of DR1, and circularization of infecting genomes restores a complete a sequence. The central portion of the a sequence comprises multiple repeats of one or two other short sequences (DR2 and sometimes DR4), while quasi-unique sequences are located between DR1 and either side of the DR2/DR4 repeats. These regions are termed Ub and Uc, and in virion DNA they lie adjacent to the S and L termini, respectively (6, 17, 18) .
An approximately 200-bp fragment (Uc-DR1-Ub) spanning the junction between tandem a sequences, such as is generated upon fusion of the genomic ends ( Fig. 1b) , has been shown to contain all the essential cis-acting sequences necessary for DNA packaging (10, 20) . Within the Ub and Uc regions are two domains, pac1 and pac2, respectively, which contain several characteristic sequence motifs that are conserved near the ends of other herpesvirus genomes (3, 8, 15) . These motifs, as originally defined by Deiss et al. (8) , are illustrated in Fig. 1c .
It is now recognized that the major conserved motif within the pac1 region comprises the T-rich element flanked on each side by short G tracts (from the proximal and distal GC-rich regions). In the case of pac2, the T-rich element is most highly conserved with a consensus CGCGGCG motif also frequently being present (32) . Detailed studies, employing primarily HSV-1 and murine cytomegalovirus (MCMV), have highlighted the roles of the major conserved motifs and suggested the following general mechanism by which concatemers are cleaved and packaged (1, 10, 13, 15, 16, 23, 25, 29, 32) . Within Uc the most critical sequence is the pac2 T element, which is essential for cleavage to initiate DNA packaging. Cleavage occurs at a fixed distance from the pac2 T element, and the resulting Uc-containing end is inserted into the procapsid. Additional important cis-acting sequences are present further from the cleavage site, possibly including the pac2 consensus motif. Deletion, but not substitution, of the pac2 GC element and unconserved region impaired DNA packaging, suggesting that the relative spacing of the cleavage site, T element, and distal motifs is crucial. Packaging proceeds from pac2 toward the pac1 terminus, and a second cleavage event terminates DNA packaging. This cleavage appears to be directed by, and occurs at a fixed distance from, a single region comprising the pac1 T element and the flanking G tracts. Surprisingly, substitutions within the highly conserved T element are tolerated, but it remains unclear whether this region functions as a spacer element. The UL28 component of the HSV-1 terminase enzyme binds to a specific conformation adopted by the region comprising the T element and G tracts, and this interaction is likely to be crucial for cleavage.
The functional analysis of herpesvirus DNA packaging signals has employed two major approaches. In the first, amplicons (i.e., bacterial plasmids containing a viral DNA replication origin and packaging signal) are transfected into mammalian cells and their ability to be replicated and packaged is assessed following the provision of viral helper functions, either by superinfection with virus particles or by cotransfection of virion DNA (7, 20, 24, 27, 29, 35) . The second assay introduces an additional copy of the packaging signal under test at an ectopic site within the viral genome and determines whether it functions as a site for the cleavage of concatemeric DNA and the generation of novel terminal fragments of virion DNA (5, 15, 18, 23, 29, 32) . Both these approaches, however, suffer from the disadvantage that recombination occurs between the test packaging signal and the wild-type (wt) signal present either in the helper virus or in its normal location within an ectopic-site recombinant (5, 8, 15, 23, 32) . Additionally, concatemers generated following replication of amplicons have a significantly different structure from standard herpesviral genomes in that multiple copies of the packaging signal are present, spaced at regular intervals corresponding to the size of the input plasmid. This raises the possibility that the activity of wt or mutated packaging signals in the amplicon assay may not accurately reflect their behavior in a standard genome.
To avoid these difficulties and allow analysis of mutated packaging signals in the context of the viral genome, we have used a cloned full-length HSV-1 genome, fHSV⌬pac, which is complete with the exception that all copies of the a sequence have been deleted (22) . This molecule is propagated as a bacterial artificial chromosome (BAC), and specific sequences can be inserted via homologous recombination either in mammalian cells or in the bacterial host. We previously demonstrated that a single copy of the minimal packaging signal Uc-DR1-Ub introduced into the viral thymidine kinase (TK) locus of fHSV⌬pac by recombination in mammalian cells was sufficient to allow the products of replication to be packaged in mammalian cells and to allow the generation of viable progeny (28) . Here, we describe the introduction of the packaging signal into fHSV⌬pac by Red/ET recombination in Escherichia coli (19, 34) , allowing previously described (10) and new Uc-DR1-Ub mutants to be screened for their ability to direct encapsidation, generate Uc-and Ub-containing terminal fragments, and give rise to progeny virus.
MATERIALS AND METHODS

Cells and viruses.
Baby hamster kidney 21 clone 13 (BHK) cells were grown in Glasgow minimal essential medium supplemented with 10% newborn calf serum, 10% tryptose phosphate broth, 100 U/ml penicillin, and 100 g/ml streptomycin (ETC10). After infection or transfection, the cells were maintained in Glasgow minimal essential medium supplemented with 5% newborn calf serum, To facilitate naming of mutants, component regions of Uc, Ub, and DR1 were also referred to as c1 to c4, b1 to b4, and R, respectively, as indicated in parentheses. 100 units of penicillin, and 100 g streptomycin per ml (EC5). Stocks of virus were prepared and titrated in BHK cells.
Introduction of Uc-DR1-Ub fragments into the full-length HSV-1 genome. The parental HSV-1 genome used in these studies was the BAC fHSV⌬pac (22) , which contains a cloned copy of a full-length viral genome from which all the normally resident copies of the a sequence have been removed by means of 1.2-kbp deletions spanning both of the R S -R L junctions (Fig. 2) . fHSV⌬pac was routinely propagated in the E. coli strain DH10B derivative Genehogs (Invitrogen). The introduction of Uc-DR1-Ub fragments into the TK locus of fHSV⌬pac employed in vivo Red/ET recombination using reagents and experimental procedures provided with the counterselection BAC modification kit (Gene Bridges). To facilitate homologous Red/ET recombination, the plasmid pSC101-BAD-gbaA-tet encoding the recombination enzymes was first introduced into Genehogs carrying fHSV⌬pac, generating strain fHSV⌬pac-Red/ET. The wt Uc-DR1-Ub fragment and the majority of the mutated fragments used in this study were described previously by Hodge and Stow (10) . New DR1 substitution and deletion mutants, a new pac1 T-element deletion mutant, and a mutant deleting the "rest of Ub" region were also constructed. The nature and sources of the mutants are outlined in Table 1 , and their DNA sequences are shown in Fig. 3 . To introduce wt and mutated Uc-DR1-Ub fragments into fHSV⌬pac, two fragments were first cloned separately into the TK coding region of plasmid pGX153, which comprises the HSV-1 BamHI P fragment inserted into the corresponding site of the vector pAT153. These fragments were the 1.3-kbp rpsL-neo cassette (Gene Bridges) encoding kanamycin resistance, which was inserted into a unique BspEI site, and the 0.2-kbp Uc-DR1-Ub fragment, which was cloned into a unique SacI site (Fig. 2) . The resulting plasmids were cleaved with BamHI, and the viral fragment containing the rpsL-neo and Uc-DR1-Ub inserts was purified. This fragment was electroporated into fHSV⌬pac-Red/ET cells, and the induction of the recombination enzymes and selection of kanamycin-resistant cells were performed as described in the Gene Bridges protocol. Subsequent growth at 37°C resulted in the loss of pSC101-BAD-gbaAtet. The structures of the resulting recombinant BACs were confirmed by restriction enzyme digestion, Southern blotting, and DNA sequencing of the region containing the inserts. It should be noted that the HSV-1 DNA sequences present in fHSV⌬pac, pGX153, and the wt Uc-DR1-Ub fragment all originate from HSV-1 strain 17 synϩ (9, 28) and that nucleotide coordinates are taken from the corresponding sequence determined by McGeoch et al. (14) .
Preparation of BAC DNAs for transfection. BAC DNAs were prepared from bacteria containing the wt and mutated Uc-DR1-Ub fragments described in Table 1 and also from bacteria harboring the unmodified parental BAC, fHSV⌬pac (referred to as BAC P), or a BAC containing the rpsL-neo cassette but no Uc-DR1-Ub fragment (designated BAC O). Four-hundred-milliliter cultures were grown in LB supplemented with 50 g per ml chloramphenicol, either with or without 15 g per ml kanamycin, and DNA was purified by alkali lysis followed by cesium chloride-ethidium bromide density gradient centrifugation. DNA concentrations were estimated from absorbance measurements at 260 nm.
Transfection of mammalian cells. Monolayers of BHK cells in 35-mm petri dishes (2 ϫ 10 6 cells per plate) were transfected by using the calcium phosphate technique followed by treatment with dimethyl sulfoxide at 4 h as previously described (26) . Each monolayer received 0.5 ml of precipitate containing 1 g BAC DNA and 7 g calf thymus carrier DNA. In experiments that aimed to repair the deleted a sequences of recombinant BACs, 0.5 g of BamHI-cleaved plasmid pGX8 was also included in each transfection mix. Plasmid pGX8 contains the 5.9-kbp BamHI K fragment spanning the junction of the L and S segments and entirely covering the 1.2-kbp deletions within fHSV⌬pac ( Fig. 2) , inserted into the BamHI site of pAT153. Virus yields were determined, or plaques were counted, 3 days post-transfection of BAC DNAs either in the presence or in the absence of BamHI K.
DNA isolation and Southern blotting. Monolayers of BHK cells transfected with recombinant BACs, as described above, were processed 16 h after treatment with dimethyl sulfoxide. The cells from each plate were divided into two equal samples which were used to prepare total cellular and DNase-resistant (encapsidated) DNA as previously described (10) . Samples of the DNA corresponding to the yield from 4 ϫ 10 5 cells were digested with DpnI (which cleaves only unreplicated input BAC molecules) and NheI. The DNA fragments were fractionated by agarose gel electrophoresis and transferred to a Hybond-XL membrane (Amersham). Replicated BAC DNA (DpnI resistant) was detected by hybridization to a 32 P-labeled pGX153 probe. NdeI was usually also added to the enzyme digestions to reduce the size of cellular DNA fragments. Since there are no NdeI sites in the BAC DNAs between positions 44008 and 53273 ( Fig. 2) , the presence of NdeI had no effect on the fragments detected. Phosphorimages of the washed filters were prepared using the Personal Molecular Imager and analyzed with Quantity One software (Bio-Rad).
Analysis of DNAs following virus infection. Monolayers of BHK cells in 35-mm petri dishes were infected with 3 PFU per cell of virus, and 16 h postinfection total DNA was prepared. Samples were cleaved with BamHI and analyzed by Southern blotting as described above.
RESULTS
Introduction of a functional DNA packaging signal into fHSV⌬pac.
To determine whether wt Uc-DR1-Ub fragments introduced into fHSV⌬pac by Red/ET recombination were functional, we first performed a series of transfections with four BAC DNA preparations representing the parent, To exclude the possibility that BACs P and O might harbor mutations elsewhere in the genome that precluded virus recovery, they were also cotransfected with BamHI-cleaved pGX8 to repair the resident a sequences originally deleted from fHSV⌬pac, and in both instances efficient plaque formation resulted.
A set of plates transfected for 16 h with BAC P, O, Wϩ, or WϪ was also examined for the presence of replicated and packaged viral DNA ( Fig. 4 ). Samples of total and DNase- 
"Rest of Ub" deletion Yes Yes 2
a Names assigned to recombinant BACs containing wt and mutated Uc-DR1-Ub fragments. The ϩ and Ϫ signs in parentheses indicate the orientations of the Uc-DR1-Ub fragment as designated in Fig. 2 . In the text they are retained only where two BACs contain the same fragment in either orientation (i.e., Wϩ, WϪ, b3ϩ, and b3Ϫ).
b Where Uc-DR1-Ub fragments have been described previously, the name of the amplicon (10) is indicated in parentheses. c Ability of BAC to give rise to progeny virus when transfected alone. d Ability of replicated BAC DNA to be packaged, as determined in Fig. 4 , 5, and 6. e Number of terminal fragments detected in total and packaged DNA, as determined in Fig. 4 , 5, and 6.
FIG. 3. Sequences of the HSV-1 Uc-DR1-Ub fragment and of the mutants used in this study. The sequence of the wt fragment (W) is depicted on two lines with the characteristic motifs and regions shown. The site of cleavage of concatemers lies at the right end of the DR1 sequence (6) . The substitutions and deletions in the various mutants are shown below the wt sequence. Modified nucleotides are in lowercase, "x" indicates a deleted nucleotide, and "." indicates an unchanged nucleotide. Only the ⌬B mutant is affected at positions within both lines of the wt sequence.
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resistant DNA were cleaved with a combination of NheI, NdeI, and DpnI (which cleaves unreplicated input DNA into numerous small fragments) and analyzed by Southern blotting followed by hybridization to labeled pGX153 DNA. This probe would be expected to detect fragments of 10.8, 10.8, 10.6, and 9.3 kbp in concatemeric DNA generated following replication of Wϩ, WϪ, O, and P, respectively. In addition cleavage at the Uc-DR1-Ub insert of Wϩ and WϪ should generate novel fragments of 6.0 and 4.8 kbp (Fig. 2) . Examination of the total DNA samples ( Fig. 4 ) indicated that all four BACs replicated to similar levels, but the two smaller fragments resulting from cleavage were observed only with Wϩ and WϪ. In contrast, packaged (DNase-resistant) DNA was detected only in cells that received Wϩ or WϪ. The predominant species correspond to the expected 6.0-and 4.8-kbp terminal fragments, but a small amount of uncleaved 10.8-kbp fragment was also detected in these samples. This may represent low-level readthrough of the Uc-DR1-Ub signal, perhaps due to segment inversion in concatemers (33) or, as has been previously suggested (21) , to the presence of defective genomes or packaged circular molecules.
These data indicate that Red/ET recombination can be successfully employed to introduce a functional ectopic packaging signal into fHSV⌬pac, enabling specific cleavage of replicated genomes, DNA packaging, and the recovery of viable virus. Comparison of BACs Wϩ and WϪ also indicates that the orientation of the Uc-DR-Ub insert relative to the TK locus has no detectable effect on its function, consistent with the known ability of HSV-1 to package four genomic isomers containing the U L and U S regions in either possible orientation.
Ability of mutated Uc-DR1-Ub fragments to support virus replication. We next used similar approaches to examine the behavior of mutated Uc-DR1-Ub fragments in the context of the fHSV⌬pac genome. The mutated fragments and the recombinant BACs are described in Table 1 and Fig. 3 and comprise a series of substitution mutants affecting each of the pac1, pac2, and DR1 motifs at multiple positions plus a selection of deletion mutants.
The BACs were first tested for their ability to generate viable virus when transfected alone or with BamHI-cleaved pGX8. In the absence of pGX8, only five BACs containing mutated Uc-DR1-Ub fragments (c4, c3, c1, b2, and ⌬b4) gave rise to progeny virus (Table 1) , although virus was recovered in every case from the cotransfected cells. The failure of the remaining nine BACs to generate virus is therefore a direct consequence of the mutation introduced into the Uc-DR1-Ub fragment. DNA sequence analysis was performed to confirm that the ability of c4, c3, c1, b2, and ⌬b4 to give rise to virus was not due to mutation of the test packaging signals. Cells were infected with progeny from the transfected monolayers, and total DNA was prepared. Fragments containing the complete Uc-DR1-Ub fragment were amplified by PCR and sequenced. In each instance the sequence obtained was identical to that of the original transfected BAC, indicating not only that the mutated motifs retain full functionality for DNA cleavage and packaging but also that compensating changes do not occur at the cleavage site.
The behavior of BACs containing substitution mutations indicated that within the Uc region only the sequence of the pac2 T element was critical for virus viability. In contrast, within Ub the pac1 T element, but neither of the flanking GC-rich regions, was tolerant of nucleotide substitutions. The failure of the DR1 substitution mutant (R) to generate virus indicates that DR1 also contains sequences essential for virus growth. Analysis of the deletion mutants identified only one region dispensable for viability, namely, the "rest of Ub" region between the pac1 distal GC element and the DR2 repeat region. Interestingly, deletion of the pac1 T element, in contrast to its substitution, also resulted in a failure to generate virus, suggesting that this motif might serve a spacer function.
Ability of mutated Uc-DR1-Ub fragments to promote DNA packaging. The BACs containing mutated Uc-DR1-Ub fragments were then tested for their ability to support DNA packaging. The results are presented in Fig. 5 and 6 and summarized in Table 1 . As expected, all the BACs were replicated following transfection, but differences were observed in the generation of cleavage products. Five BACs, b2 ( Fig. 5 ) and ⌬b4, c1, c3, and c4 ( Fig. 6 ), yielded two terminal fragments as previously observed for the wt Uc-DR1-Ub fragment (Fig. 4) , and there was a complete correlation with their ability to generate infectious progeny when transfected alone. As expected, packaged DNA was also detected with this group of BACs. The sizes of both the Ub-and Uc-containing terminal fragments of the viruses derived from these five BACs (and also the BACs containing the wt Uc-DR1-Ub fragment) remained stable on passage. This contrasts with wt HSV-1, in which 
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HSV-1 DNA PACKAGING SIGNAL 325 amplification of the a sequence at the Uc terminus results in fragment size heterogeneity (30, 31) , and indicates that such modification of the Uc terminus is not essential for viability. The remaining BACs fell into two classes, with either one or no terminal fragment being detectable in the total DNA samples. No fragment was observed with BACs ⌬B, R, and ⌬R ( Fig. 5 ) and ⌬C and c2 (Fig. 6) , and in each of these instances packaged DNA was also undetectable.
The remaining four BACs, b1, ⌬b2, b3Ϫ, and b3ϩ ( Fig. 5) , yielded a single cleaved product. In the case of b1, ⌬b2, and b3Ϫ this was the smaller 4.8-kbp NheI terminal fragment, whereas b3ϩ yielded only the larger 6.0-kbp terminal fragment. BACs b3Ϫ and b3ϩ differ only in having the mutated fragment inserted in opposite orientations, while b1 and ⌬b2 have the fragment inserted in the same orientation as that in b3Ϫ. From Fig. 2 it is apparent that in all four cases the detected fragment corresponds to that containing Uc at its terminus. These four fragments, but not the corresponding Ub-containing termini, were also detected in the DNase-resis-tant DNA sample, suggesting that following initial cleavage of the Uc-DR1-Ub fragment, the Uc end is inserted into the capsid and packaging is initiated, but there is a failure to cleave the concatemer at the next Ub sequence to terminate packaging. The absence of the Ub-containing fragment from total DNA suggests that, following initiation of packaging, the free Ub end is degraded.
In the absence of a functional termination signal, it might have been expected that packaging of b1, ⌬b2, b3Ϫ, and b3ϩ DNA would progress beyond the next Uc-DR1-Ub fragment in the concatemer. However, the absence of the 10.8-kbp junction fragment from DNase-resistant DNA indicates that this is not the case. Samples of DNase-resistant DNA were therefore cleaved with BamHI plus DpnI and hybridized to a probe representing the whole HSV-1 genome. The results indicated that in each case fragments representing approximately 50% of the genome were present (data not shown). It seems probable that at some stage a full-length genome may have been inserted into the capsid but, in the absence of successful events to complete the packaging process, the high internal pressure resulted in the ejection of a significant proportion of the DNA. Whether this occurred in vivo (for example due to the terminase ceasing to hydrolyze ATP or falling off the DNA) or during cell lysis and the preparation of DNase-resistant DNA is not clear. Although the failure to package a full-length genome resembles the phenotype observed with a null mutant containing a lesion in the UL25 DNA packaging protein (25) , further work is required to determine whether UL25 might play a role in the pac1-mediated cleavage event.
Analysis of viruses generated following repair of a sequence deletions. The above experiments identified five mutated Uc-DR1-Ub fragments that were incapable of being cleaved or supporting DNA packaging (⌬C, c2, R, ⌬R, and ⌬B). Because these fragments did not allow packaging to be initiated, it was not possible to determine whether the mutations might also FIG. 5 . Replication and packaging of BACs containing mutated Uc-DR1-Ub fragments. BHK cells were transfected with the indicated BACs, and samples of total (a) and DNase-resistant (b) DNA were analyzed as described for Fig. 4 . Lanes M1 and M2 contain molecular size markers whose sizes (kbp) are indicated.
FIG. 6. Replication and packaging of BACs containing mutated
Uc-DR1-Ub fragments. BHK cells were transfected with the indicated BAC, and samples of total and DNase-resistant DNA were analyzed as described for Fig. 4 . Lane M contains molecular size markers of the indicated sizes (kbp).
affect the cleavage event that terminates DNA encapsidation. A possible way of addressing this question was to analyze whether the same Uc-DR1-Ub could be cleaved following initiation of DNA packaging elsewhere in the genome. This was done by using progeny derived following the repair of the resident a sequences in the BACs that failed to generate virus when transfected alone.
BHK cell monolayers were infected with virus obtained following the rescue of each of the 11 nonviable BACs (Table 1) or with a control virus derived from cells transfected with a BAC (WϪ) containing the wt Uc-DR-Ub fragment. DNaseresistant DNA was prepared, and the BamHI digestion products were analyzed by hybridization to a probe covering the BamHI P fragment. The results are shown in Fig. 7 . If cleavage does not occur within the Uc-DR1-Ub insert, a fragment of 5.2 kbp is expected, whereas cleavage generates possible terminal fragments of 1.4 and 3.8 kbp (Fig. 2) . BAC WϪ generated predominantly the two terminal fragments, but as observed previously (Fig. 4) , a small amount of the uncleaved fragment was also detected. As expected, no cleavage within the BamHI P locus was observed with progeny derived from BACs O and P, which lack any Uc-DR1-Ub insert and generate only the uncleaved fragments of 4.9 and 3.6 kbp, respectively. Taking into account the orientations of the inserts in BACs ⌬C, c2, R, ⌬R, and ⌬B, if cleavage to terminate packaging can occur within the Uc-DR1-Ub fragment of the rescued progeny, it would generate Ub-containing termini of 1.4, 1.4, 3.8, 3.8, and 1.4 kbp, respectively. These fragments were observed in all cases except ⌬B, where no terminal fragment was detected. It therefore seems probable that the mutations within Uc and DR1 that prevent initiation of DNA packaging do not affect the termination process, and only ⌬B appears to be deficient in both cleavage events.
This conclusion must, however, be interpreted with caution since the experiment provides clear evidence that other recombinational events are occurring. In contrast to the situation when ⌬C, c2, R, and ⌬R were transfected alone, it was apparent that Uc-containing fragments were also generated. However, these were predominantly a few hundred base pairs larger than the expected sizes of 3.8, 3.8, 1.4, and 1.4 kbp, respectively. The structure of these termini has not been analyzed in detail, but it is possible that a full-length a sequence (approximately 400 bp) has been added at the terminus which provides a functional Uc region to initiate cleavage. Smiley et al. (23) described similar observations for HSV-1 recombinants into which mutated a sequences had been introduced at an ectopic site and proposed a repair process involving recombination with copies of the a sequence at the L-S junction. Figure 7 also shows that the BACs with inserts that impair termination and produce only one terminal fragment when transfected alone (b1, ⌬b2, b3Ϫ, and b3ϩ) similarly yielded two terminal fragments from the BamHI locus following rescue. The predicted Ub-containing termini of b1, ⌬b2, b3Ϫ, and b3ϩ are 1.4, 1.4, 1.4, and 3.8 kbp, respectively, and in each case it is apparent that these fragments were replaced by fragments a few hundred base pairs larger, consistent with the addition of an intact a sequence to the terminus providing a functional pac1 region. Following the introduction of a full-length a sequence into the rescued viruses, it is probable that the mechanisms responsible for a sequence amplification in wt HSV-1 can operate, and this likely explains the faint ladder of larger bands apparent at the Uc termini of these recombinants. Prominent fragments larger than 6 kb are also generated in most cases. The origin of these fragments was not investigated, but they may result from the additional segment inversion events that can occur when copies of the a sequence are present both in their normal locations and at an ectopic site (23) .
DISCUSSION
This paper describes an improved approach for analyzing the cis-acting signals that participate in the cleavage and packaging of herpesvirus DNA. By introducing single copies of test packaging signals into an HSV-1 genome lacking the normal resident copies, we have overcome one of the major drawbacks of the previously used amplicon and ectopic-site approaches, namely, the high-frequency recombination between the fragment under test and wt copies of the a sequence present either in the helper virus or elsewhere in the genome of the ectopicsite recombinant. The severity of this problem is clearly illustrated by the high frequency with which novel terminal fragments of slightly increased size were generated from the region containing the Uc-DR1-Ub insert following repair of the resident a sequences (Fig. 7) . Furthermore, in contrast to the amplicon assay but like replicated HSV-1 DNA, pairs of similarly orientated cleavage sites defining the two ends of a packaged molecule should mainly occur at genome-length intervals in concatemers. However, due to the occurrence of segment inversion in concatemeric HSV-1 DNA, the relative orienta- tion of the inserted packaging signals can become changed, resulting in a proportion of the DNA becoming incapable of generating full-length encapsidated genomes (12, 28, 33) . Analysis of a series of mutated Uc-DR1-Ub fragments ( Fig.  5 and 6 ; Table 1 ) confirmed and extended our previous observations made using the amplicon assay (10) . Of the mutants that had been previously tested, ⌬C (containing a large deletion within Uc extending into DR1), c2 (pac2 T-element substitution), and ⌬B (containing a large deletion within Ub extending into DR1), which were all highly impaired in the amplicon assay, were completely defective in DNA cleavage and packaging. The four mutated fragments that supported generation of virus progeny, c1, c3, and c4 (substitutions of the pac2 GC element, unconserved region, and consensus sequence, respectively) and b2 (pac1 T-element substitution), showed no significant differences in DNA packaging, the ability to be propagated, or the generation of terminal fragments compared to wt Uc-DR1-Ub in the amplicon assay. Mutants b1 and b3 (pac1 proximal and distal GC region substitutions, respectively), which supported DNA packaging but not progeny production, exhibited normal DNA packaging but a reduced ability to be serially propagated in the amplicon assay. Moreover, b1 (but not b3) was previously shown to be defective in the generation of an Ub-containing terminus in cleaved amplicon DNA. Thus, for the nine mutated fragments that have been tested in both assays there is very good correspondence between the results obtained. The approach described in this paper does, however, appear to be more discriminating in certain respects: for example, no cleavage or packaging is detected with the most impaired mutants, whereas low levels are apparent in the amplicon assay. Similarly, the remaining mutants fall clearly into either the viable or the nonviable class when assayed in the context of a viral genome but differ only in their relative efficiency to be serially propagated in the amplicon assay. It is likely that the occurrence of recombinational repair in the amplicon assay accounts in part for these differences and also for our previous detection of a Ub-containing terminus with b3 (10). The tandem repeat structure of replicated amplicon DNA may also permit packaging to be terminated by an "illegitimate" non-sequence-specific mechanism, resulting in the generation of particles containing genomes that can reinitiate infection following circularization by homologous recombination. If such an illegitimate mechanism were to operate in the context of the viral genome, it is probable that the resulting packaged molecules would either lack essential genes or be incapable of circularization to initiate infection.
Data were also presented for four new Uc-DR1-Ub mutants, allowing the development of a more complete picture of the roles of the various motifs within this region. The five mutants affecting the pac2 region had all been examined previously (10) . The results reported here confirm that the pac2 region is essential for the initiation of the cleavage-packaging process and that while the sequence of the T element is critical, extensive nucleotide substitutions within the consensus, unconserved, and GC elements are tolerated. It has recently been reported that in MCMV a second essential packaging element, which is GC rich, is present within pac2 located further from the cleavage site than the T element (32) . It remains possible that a corresponding signal is present in HSV-1 within the region designated "rest of Uc" and is supported by our previ-ous observation that in the amplicon assay, deletion but not substitution of the intervening unconserved region caused a significant impairment in DNA packaging (10) .
Two new mutants replacing or deleting the DR1 region (R and ⌬R, respectively) revealed that the sequence of this region is, like the pac2 T element, crucial for the initiation of cleavage and packaging. This result initially appears to conflict with previous observations from Smiley's group (23, 29) , who demonstrated that the sites of the cleavage events defining either end of the viral genome were not dependent upon the presence of a complete DR1 region but rather occurred at fixed distances from the pac1 and pac2 T elements. However, it is noteworthy that their construct retained 13 bp of DR1 at its Uc end (although not the actual site of cleavage), which may be required to initiate the cleavage and packaging process. This interpretation is consistent with our previous observation that the pac2 GC element appears to play an important spacer role in DNA packaging (10) and points to sequences within DR1 being a third component of the signal required for the initiation of DNA packaging.
The construct analyzed by Varmuza and Smiley (29) lacked most of the proximal GC element and all of DR1 from its Ub terminus but was still cleaved at the standard distance from the pac1 T element, suggesting that DR1 does not play a role in termination of packaging. Since initiation of DNA packaging did not occur with mutants R and ⌬R, we could not directly assess whether DR1 plays a role in the terminating cleavage event. The analysis of the progeny resulting from repair of the resident a sequences in BACs containing the R or ⌬R fragment ( Fig. 7) nevertheless lends some support to the hypothesis that DR1 may contain sequences important for initiation of cleavage and packaging but be dispensable for termination. In both instances a normally sized Uc terminus (the 1.4-kbp BamHI fragment) was replaced by a fragment approximately 400 bp larger, possibly reflecting the addition of a full-length a sequence. In contrast, a corresponding change in the size of the 3.8-kbp Ub-containing terminal fragment was not observed, suggesting that similar modification of this end of the inserted Uc-DR1-Ub fragment may not be required for the terminating cleavage event.
Turning to the Ub region, a new mutant, ⌬b4, revealed that no essential sequences are present within the "rest of Ub" region and indicated that the key pac1 elements must be confined to the remaining 64 bp of Ub. This corresponds very closely with the minimal essential region for pac1 function identified in MCMV (32) . The results obtained with the pac1 substitution mutants are in good agreement with previous studies using HSV-1 amplicons and ectopic-site MCMV recombinants (10, 15, 32) . These confirm that important sequences are present within the proximal and distal GC-rich regions but that the sequence of the T element is not crucial. Although not addressed in the current study, McVoy and colleagues have identified the conserved homopolymer tracts immediately flanking the T element as crucial sequences within the GC-rich regions (15, 32) . Interestingly, a newly constructed pac1 deletion mutant, ⌬b2, exhibited behavior similar to that of the substitution mutants affecting the GC-rich regions (b1 and b3), indicating that the T element may function as a spacer to maintain the relative positioning of the flanking homopolymer tracts.
We previously noted that while deletions individually affecting the three pac1 regions did not prevent initiation of packaging, the larger deletion in ⌬B did (10) . It now appears likely that this is because the deletion not only affects the pac1 motifs but extends into the DR1 region. Irrespective of this, ⌬B appears to be the only one of our mutants deficient in both cleavage events. Interestingly, this is also the only mutated fragment that does not acquire the ability to be cleaved when the resident a sequences are repaired (Fig. 7) . This observation provides support for the hypothesis of Smiley et al. (23) that recombinational repair in viruses containing ectopic packaging signals is stimulated by DNA breaks induced by the cleavagepackaging system.
As described above, to determine whether mutations that abolished the ability to initiate packaging might also prevent termination, we analyzed progeny obtained following the repair of the a sequence deletions in recombinant BACs. Although tentative conclusions could be drawn, the data confirmed that recombination is a major complicating factor in such an approach (Fig. 7) . Future experiments are therefore aimed at spatially separating the initiation and termination cleavage events by introducing two separate fragments into fHSV⌬pac, which should allow the sequence requirements for each process to be independently assessed.
